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ABSTRACT: Nontarget high-resolution mass spectrometry {Nt-
HRMS} has been proven useful for the identification of unknown
poly- and perfluoroalkyl substances (PFASs) in commercial
products and water, but applications to biological samples are
limited. China is the major PFAS-manufacturing vation; thus, here,
we adapted our Nt-HRMS methods to fish collected from the
Yangtze River and Tangxun Lake to discover potentially
bioaccumulative PFASs in aguatic organisms destined for human
consamption. In addition to traditional PFASs, over 330 other
fluorinated analytes belonging to 10 classes of PFASs were detected
among the pooled fish livers, inclading 6 sulfonate classes, 2 amine
classes, 1 carboxylate class, and 1 N-heterocycle class. One class was
detected in samples from both locations, 8 classes were detected
exclusively in Tangmun Lake fish, and 1 class was detected exclusively in Yangtze River fish, 10 km downstream of a
fluorochernical manufacturing site where we first reported these substances in wastewater 3 years ago. Overall, 4 of the PFAS
classes (>165 analytes) are reported for the first time here. Wider monitoring and toxicological testing should be a priority for
understanding the health risks posed to people and wildlife exposed to these substances.

B OINTRODUCTION for fisheries around Tangxun Lake in China.*® Here, wastewater
Many long-chain poly- and perfluoroalky! substances (PEASs) from an industrial region is known to have contaminated the
are now globally distributed as environmental contaminants.”” lake water, such that it now contains very high concentrations
Since their first discovery in the environment 18 years agw,l of long chain PFASs, incuding perfluorcoctanesulfonate
voluntary industrial phase-owtsg_5 and domestic or interna- (PFOS, 73—1700 ng/L) and perflucrooctancate (PFOA, 71—
tional restrictions and regilations® ™! have been introduced to 1400 ng/L) as well as known alternative PFASs such as
limit future emissions. However, there has been a global perfluorobutanesulfonate (PFBS, 2200—4500 ng/’L) and
geographic shift of PFAS manufacturing to countries with fewer perfluorobutancate (PFBA, 1800—6300 ng/L). In the blood

restr{c%{iﬂi ar}d a stmu’]taneo.ubs shift tovv:ard alternative of fishery employees who live around this lake, and who also
PEASs™ with uncertain toxicity and environmental fate. . . .

; . T . : likely consume the fish, serum PFOS concentrations were
Owing to the environmental persistence of many perfluorinated

o . A extremely high, up to 31000 ng/mL.“" Moreover, the use of
compounds, there is little evidence that environmental ¥ gh, wp g !

PFASs in China may have global consequences, as shown for F-

concentrations of legacy PFASs are yet declining;™ thus, it is e Ser e g "
338 (CICFLOCFSO.K, CAS no. 73606-19-6), a metal

important to identify and prevent new alternative PFASs from

spreading globally. plating’ mlst suppressant chemical used only in China sim:‘e”t}ie
After the 3M Company phased out its Cg production in 1970s.* 7 P-53B is detectable in Chinese environmental” ™"

North America and Europe between 2000 and 2002,

developing countries {e.g, China} increased their PFAS Heveived:  February 9, 2018

pmductifm,m and contamination of local environments' Reviend:  April §, 2018

and of human serum’” has followed. The link between a Accepiad:  April 16, 2018

contaminated environment and local people is well-described Published: April 16, 2018
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and biological sampiea 7 but was also recently detected in
Greenland ringed seals and polar bears.” 8

Shorter- cham PFASs and structurally modified long-chain
perfluorinated acids, such as those with ether bonds or
nonfluorinated carbons, are two broad categories of known
alternative PFASs."® Manufacturers claim that such alternatives
are less bicaccumulative and “safe for their intended use”, " 2950
but there are few publicly available toxicity studies and httIe
environmental fate data for these. In many cases, the alternative
-PFASs or their predicted breakdown products do not avoid the
problem of environmental persistence. For example, trifluoro-
acetic acid and PFBS were similady resistant to microbial
degradation as PFOS,* " and perfluoroether chains were as
resistant as perfluoroalkyl chains to abiotic and biotic
degradation.s‘q' Moreover, shorter-chain alternatives do not
necessarily avoid unwanted bicaccumulative properties. Per-
fluorobutanesulfonamide {a PFBS precursor) was recently
detected at 80 ng/g in fish in the Netherlands,**
its bicaccumulation potential.

Another concern is that unknown PFASs are now being
intentionally manufactured as alternatives or unintentiopally
produced as byproducts and that these may already be adding
to environmental contamination. At a fluorochemical manu-
facturing site on the Yangtze River in China, our previous work
by nontarget high-resolution mass spectrometry (Nt-HRMS)
revealed 36 new PFASs in wastewater,” including 3 PFAS
classes that had not previously been reported. Moreover, it is
generally reported that >90% of the mh( mass balance of
i _fluorine in environmental™"’ and biological sam-
# is from unknown compounds. These unknowns may
be attributable to unidentified legacy PFASs or to contempo-
rary alternative PFASs, and it is important to identity these
unknowns to evaluate or mitigate risks of PFAS exposure.

Ne-HRMS technigques are valuable tools for chemical
discovery, owing to their high-mass spectral resolving power,
which reduce interferences, and their high mass accaracy, which
enables accurate empirical formula prediction. Their successful
application to PFAS discovery in water” ASATAL o in firefighters’
i are already dunomtmtcd Here, we adapted our Nt-

HREMS method for PEAS discovery in water™ 1o the discovery
of potentially bioaccumulative PFASs in fish tissue collected at
two commercial fishery locations in China. Details of each
chemical discovery and of related environmental and
toxicological significance are discassed.

serum

B MATERIALS AND METHODS

Sample Collections. In October 2015, a
fisherman was recruited at each focation (Figure §1) to collect
fish on their regular routes. One location was on the Yangtze
River, in a region approximately 10 km downstream of a
wastewater treatment plant (WWTP) that services a major
fluorochemical manufacturing park in Changshu, Jiangsu.™ We
previously identified new PFASs in influent to this W"-N’I'P and
the effluent is known to be released to the Yangtze Riv er.” The
other Iocation was in Tangxun Lake in Wuhan, Hubei. This
fake receives discharge from a WWTP that processes both
domestic and industrial wastewater and has been identified as a
contaminated water body.m

A total of three fish species were obtained at the Yangtze
River site, including common carp (Cyprinus carpio), silver carp
(Hypophthaimichthys molitrix), and bighead carp (Aristichthys
nobilis). The same three species were obtained at Tangxun Lake
as well as a fourth species, white Amur bream (Parabramis

commercial

suggestive of
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pekinensis). Between three and seven individual whole fish were
obtained and weighed {whole-fish wet weight) for each species
at each location. The whole liver was chded from each
individual fish, weighed (wet liver weight), and placed into a
clean polyethylene bag with changing of gloves between fish to
avoid cross-contamination. Livers were shipped overnight in an
ice box to Nankai University (Tianjin, China), where all liver
samples and 10 g of potassium chioride granules {as quality
control for possible laboratory contamination) were freeze-
dried, weighed (dry liver weight; Table 51}, and shipped to the
University of Alberta for analysis.

Sample BExtraction and Nt-HRMS Analysis. The same
number of freeze-dried individual livers from the same species
at each location were pooled, resulting in seven fish samples
(three for the Yangtze River and four for Tangsun Lake; Tuble
51). All of the fish samples (one pooled sample per species at
each site} with the procedural blank salts were extracted with
acidified acetonitrile and purified with weak anion exchange
cartridges (detafed in the Supperting Information). After
successive washing with 2% formic acid, water, and methanol,
the cartridges were eluted with 1% NH,OH in methanol, and
the eluents were subjected to a previcusly developed nontarget
high-performance liquid chromatography (HPLC)-Orbitrap
Nt-HRMS method for PFAS discovery.™ Briefly, a combination
of in-source fragmentation flagging scan, full-scan and MS"
experiments were used to detect and characterize unknown
PFASs. Fluorinated fragment ions {e.g, [C,Fs]™) detected by
in-source fragmentation flagging were used to flag retention
times of PFAS molecular ions in full-scan mode. Exact masses
(£S5 ppm) of the molecular ions, isotopic patterns, and in-
source fragments were used to assign empirical formulas,

For each nontarget class of PFAS homologues discovered,
plaasible stractures were proposed based on MS” apalyses, and
confidence levels f/CL = 1—4) were assigned according to
established critea.® Bugﬂy, CL = 1 represents Lonﬁrmgd
structures by match to reference btandards, CL= 2 represents
probable stractures by comparing to library spectra or by
diagnostic evidence, CL = 3 represents tentative candidates
whose possible structure can be proposed but lack sufficient
information to assign an exact structure {e.g., the position of a
chlorine atom on an aromatic ring), and CL = 4 is used when
the unknown analyte ion can be assigned an unambiguous
formula, but no structural information is available. ¥

Quality Control and Quantification. Procedural blanks
were injected between samples to check for background
responses. Instrumental quantification limits (IQLs), method
quantification limits (MQLs), absolute recoveries, absolute
matrix effects and absolute total extraction efficiencies were
evaluated with a mixed fish liver matrix containing equal
amounts of the seven pooled fish liver samples (detailed in the
Sapporting Information ). Legacy PFASs were quantified using
authentic standards, and nontarget PFASs were semiquantified
against structurally similar authentic standards as described in
the Suporting Information {Table 53 in parﬁcuiar}.

B RESULTS ARD DISCUSSION

Method Performance. Absolute recoveries of the solid-
phase extraction method for model mass-labeled PFASs were
<80% (Figure 524) and decreased with increasing chain-length
fm PECAs. The absolute total extraction e.f"ﬁue.nucs were S—

0% for all tested PFASs {(Figare 52B,C). MQLs of the whole
mcthod were between 0.02-2.1 ng/g in wet liver (Table $2),

DOk 101021 bLOO773
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acceptable for discovering potentially bicaccumulative contam-
inants.

Legacy PFASs. C,—C,, PFCAs and C,—C,; PFSAs were
detected in all fish samples from both locations. PFOS-
precursors and PFCA precursors were occasionally detected,
while perfluorophosphonic acdds were not detected in any
samnple (Table 82 and Figare $3). PFCAs were generaily
present at very low levels in all fish (ie, 3 PFCAs < 46 ng/g),
whereas PFSAs were the major legacy PFASs detected. The
Tangsun lake fish generally had higher levels of PFSAs than the
Yangtze River fish (ie, 2 PFSAs: 50—950 versus 7-25 ng/g,
respectively), and the highest concentrations were in bream fish
from Tangxun Lake. PFOS was the dominant legacy PFAS in
all fish, contributing 58~72% of all legacy PFASs in the Yangtze
River fish and 93-97% in Tangxun Lake fish. The exceptionally
high PFOS in bream fish in Tangam Lake (730 ng/g wet
weight) is consistent with a report in which PFOS was detected
at 540-1900 ng/g in crucian carp liver collected in the same
lake 2 vears earlier.™

Nontarget PFASs. The fragmentation flagging scans of
pooled fish liver extracts frorn Tangrun Lake and Yangtze River
showed multiple F-containing fragment ion peaks (eg,
corresponding  to

it

Figure 1. Bxtracted-ion chromatograms of fluorine-containing frag-
ments detected by the Orbitrap mass analyzer (5 ppm) and of
chloride fragments detected by the ion trap (0.5 Da). Red
chromatagrams are for pooled bream fish liver from Tangxun Lake,
and blue chromatograms are for pooled common carp liver from the
Yangtze River.

unknown PFASs. In total, the Nt-HRMS method revealed 10
homologous classes of PFASs in the 7 fish liver samples {Table
1). None of these nontarget anmalytes were detected in any
quality control blanks, allowing us to rule out laboratory and
instrumnental background as their sources. Each PFAS class
detected had at least six chain-length homologues, and isomers
of a given bomologue were commonly, but not always,
observed. At each location, the homologue and isomer profiles
were very similar among fish species, although minor analytes
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Table 1. Nontarget PFASs Detected in Pooled Fish Liver
from the Yangtze River (YR) and Tangxun Lake (TX)“
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“The range of carbon length bomologues (v} detected in both
locations, carbon chain length of the dominant homologue for each
class [«], and the highest semi-quantified total concentration for each
class in all seven fish samples {3 ng/g in wet liver) are presented.
Example structures for each class are shown (all carbons are bound to
F atoms unless otherwise indicated in the structure), and associated
confidence levels (CL = 1-4) are indicated.

in one fish species were sometimes absent in another due to
differences in concentrations between species.

For structural elucidation of the unknown PFASs, one or two
abundant homologues in cach class were analyzed by MS”
experiments in one of the fish species that had relatively high
responses, and the proposed structures are generalized for the
whole dass. In the following sections, each discovered PFAS
class is presented with detailed discussion of the mass spectral
evidence, and the povelty for each dass is discussed with
respect to previous literature.

Class 1: Terminal Chlorine Substituted Perfluoroalkylicar-
boxylates, CI-PFCAs, CIC F;, 5,077, n = 8—15. We previously
discovered 5 classes of new PFASs in influent™ to a WWIP

DOk 0102 «sLALOOT 7S
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located ~ 10 ki upstream of where the Yangtze River fish were
collected, and a ';uspect acrec‘ninv was therefore performed in
all fish samples. A single class (i.e.,, CI-PEC As\) was observed in
all of the Yangtze River fish (Table 1 and Pigure 54.1), but
none were detected in the Tangzun Lake fish. The in-source
(5CL- and [YC)- peaks, the [M]7/[M+2]" = 3:1 isotopic
pattern, and MS? fragmentation pattern (Figuve §4.2) were
consistent with the previous water stady, and a terminal-
chlorine-substituted PFCA structure for this class was therefore
proposed (CL = 3, Table 1). Homologues with 815 carbons
were detected, and there was only one isomer for each
homologue.

This is the first ambient environmental measurement of l-
PECAs, and we are not aware of previous reports. Compared to
our previous analysis of WWIP influent, shorter Ci~C,
homologues were absent in fish, while longer C;;~Cy;
homﬂ]@gues were present, likely indicating a hlgh(‘r bioaccu-
mulation potential for longer- cham homologues, a well-known
phenomenocn among legacy PFASs, % Moreover, the Cy
homologue that dominated the CIL-PFCA class in the
wastewater™ had the lowest response among all homologues
in fish livers, while the C,; and C,; homologues dominated the
profile in fish (Table 33 and Pigure 54.1). The total estimated
concentration of this class {3, Class-1) was 2.7 and 5.6 times
higher than the total legacy PFCAs &Z egacy- -PFCAs) in
common carp liver and silver carp, respectively {Table 53).

Class 2: x:2 Chlorine Substituted Perfluoroalkyl Ether
Suffonates, x:2 CI-PFAESs, CIC,F,, S0, n=7-10, 12, 14. A
homologous class of nontarget analytes was detected by in-
source [Cl]7 that aligned with various fluorinated ion
fragments: [8O,F]", [COF;]", and [SOF]” (Figwe ).

These were observed in all fish samples from both locations,

it (i

Figure 2. Extracted-ion chromatograms of [, [sO,F1,

and [SOF]" in-source fragments and Llaﬁs 2 x2 Ll PFAES
(CIC,, . F,,sOCFS50,7) molecular ions detected in pooled common
carp liver from the Yangtze River and of x:2 CI-PFAESs in F-53B
industrial standard. “NL” represents peak height counts.

5833

and the molecular ions corresponded to CIC F, 50, (n = 7=
10, 12, and 14; Table 1). Only one isomer was detected for
each homologue,

MS? analyses were performed for C; and Cy; homologues in
pooled common carp liver from the Yangtze River (Figure S§).
We also analyzed an authentic industrial F-33B standard
(CCIF,CF o OC,F50,7) that shares a common empirical
formula with the unknown C, hﬂmoiogu(‘ The retention time
{Figure 2) and MS® spectrum {Figure 53) of the unknown Cg
homologue in carp matched F-33B. Moreover, the unknown
Cyo homologue in carp matched the retention time and MS’
spectrum of the residual C,, homologue in the F-33B standard
(Figures 2 and §53). Thus, the structures of these two
homologues were confirmed (CL = 1} as a 6:2 terminal-
chlorine-substituted perfluorcalkyl ether '»‘-Udfcmate (6:2 Cl-
PRAES, CCIF,CF OC,F,S0,7, also known as | Cf’aB) and 8:2
CL-PFAES. Although we did not U(p]m“e structure of other
residual chain- length homologues (n = 6, 7, and 9) by MS”,
these were also detected in the F-33B standard and matched
retention times of the C; and Cy analytes in fish {Figure 1),
Thus, it is highly likely that these unknown analytes in fish are
5:2 and 7:2 CI-PFAESs. Remaining homologues were therefore
assigned as x:2 CI-PFAES (CL = 2).

The 6:2, 8:2, and 10:2 Cl- PFAESS were previously detected
in surface water,” municipal sludge, “ air™ crucian carp
(induding from Tangxun Lake) 3,*% and in humans, "7 collected
from China, and 6:2 CI-PFAES was recently reported in
Greenland ringed seals and polar bears. *® Tn the current study,
5:2, 7:2, and 12:2 CEPFAESs are reported for the first time in
any sample type (Table 1 and Figure 2.

When fish from the two lomtmm were compared, the

Yangtze River fish (5:2-8:2, 1022 and 12:2) had more
homologues than the Tangrun Lake fish (6:2-8:2). Semi-
quantification suggested that concentrations of x:2 Cl-PFAESs
in the Yangtze River fish were generally higher than for
Tangcun Lake (Table S3). The 6:2 CLPFAES is usually
detected at comparable or higher levels than P FOSH ™ Here,
6:2 CI-PFAES was present at similar concentrations as PFOS in
the Vangtze River fish (67%—276% of PFOS, Figure §3) and
comparable to the concentration me%ured in crucian carp liver
in other Chinese waters (327{%\) In Tangzun Lake, due to the
exceptionally high levels of PFOS, 6:2 CL-PFAES was present at
lower velative concentrations than PFOS (1.1-62% of
PFOS; Table S3 and Figare $3), consistent with measurements
in crucian carp liver in the same lake 2 years earlier.” The 6:2
CI-PFAES has been termed “the most bm -persistent PFAS in
humans iaportc‘d to date” with a half'life of 18.5 years, “ and its
acute mmutv, ” toxicity to embryos, and cardiac developmental
effects™® have been du,cnbed in zebrafish.

Class 3: Cyclic or Unsaturated PFSAs, [CF,,_ 504, n =
7-14. A homologous class of nontarget analytes was
discovered by in-source [SO;]” and [SO,F|™ fragments that
appeared in all fish samples from Tangsun Lake. In full scans,
these fragments corresponded to molecular ions similar to
perfluoroalkyl sulfonates but with 2 fewer F atoms
(CFp180:7, 1= 7—14; Table | and Figure 36.1), owing to
a double bond or ring in their structures. More than 50 partially
resolved isomer peaks were observed among all-chain-dength
homologues in this dlass.

MS* analyses were performed for all Cg isomers {CF SO, 7)
in pooled bream fish {Figare 86.2). [SO,]™ and [SO5F] ™ for all
isomers indicated the presence of a sulfonate group next to a
fluorinated chain; most isomers also yielded the futact [CgF ]

DOk 12102 1 acs.est8b007 73
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after neutral loss of SO, Short perfluoroalkenyl fragments (i.e,

[C,F,17) confirmed that some Of the isomers had structures
vvlth a double-bond, whereas [C;F,]™ and [CF;, ] ions were
more ambiguous, representing elthe; longer perfluoroalkenyl
meieties or five- or six-membered rings. ' Unlike all isomers in
the fish, the MS? of authentic 4-PFECHS standard did not yield
[SO,] " ion but exclusively the [SO,F]™ ion {Figure $6.32);
the structure for this standard is a su]fomt(‘ group attached
dlrcdlv to a 6-membered perfluoroalkyl ring. The absence of
[SO,]”7 fragment was also observed for lpuﬂuommcthy]

PFOS standard (Figare 54.3b), where SO; is directly connected
to a tertiary carbon, similar to 4-PFECHS. Thus, any
perfluoroalkyl ring-containing structures in fish (e.g, possibly

isomers 2 or 5) likely have a —CF,~ or —(C,F,— between the
sulfonate and the ring, and any branched unsaturated
perfluoroalkyl sulfonate structures are likely to have the branch
Iocated at non-q-carbons (Figure 86.2). The general structure
for this class was therefore assigned as cydic or unsatarated
PFSAs (CL = 3; Table 1).

We also detected residual Cg (29 isomers) and C, (24
isomers) cyclic or unsatarated PFSA homologues in a standard
of historical commercial PFOS {dencted as “3IM-PFOS”
hereafter). Using retention time and MS® spectral matches,
we confirmed that unknown isomer 2 and 9 of the (4
homologue in fish (Figere 56.2) are the same unknown
isomers in 3M-PFOS. Thus, these substances may be present in
the environment as residual byproduct of historical PFOS
manufacturing. In all Tangrun Lake fish samples, 3 Class 3
concentrations were estimated at <5% of ¥legacy PFSAs
(Figure 83 and Table 53}, and €, and C,, were the dominant
homologuaes (Table §3).

We are unaware of any previous reports of unsaturated
PFSAs in any biclogical sample, but in total, ﬁva cyclic PFSA
have bean rc‘pmted in waters,”” sediment,” g amphlpods,‘
and fish.> "Among them, only 4-PFECHS™ " and perfluoro-
4- me.thykyduhaxmLsuimnate. were structurally confirmed.
Unsaturated or cyclic PESA isomers with 4~13 carbons were
reported in a 3M PFOS standard, in aquecus film-forming
foams (AEFFS >® and in AFFF- -impacted concrete. 57

Class 4: Morzoether PESAS, [CoF 30150407, 412,
- homologous class was discovered thmugh in-source
17, which coeluted with [SO4]7, [SO,F]7, [SO,F]™, and
in all Tangxun Lake fish samples. These fmgmults
mrresponded to molecular ions with the general formula
[CFiSO,]" (=4 and —12; Table 1 and Figare 57.1). More
than 30 partially resolved isomers were observed among all
homologues in this class.

MS? was performed for all C isomers in bighead carp sample
Yigg 17, [SO5F 7, and perfluoroalkyl ions
(eg, [Cs are similar to classic perfluorinated sulfonates,
the hlgh abundance of oxy-perflucroalkyl trwments (e -
[C,F,0]7) suggested the presence of an ether moiety.™ ¥ The
possibility that these unknowns are perfluoroalkyl sulfates was
ruled out due to absence of [CF 017" and [$O,]7 ion.™>™
This class was therefore proposed as monoether-PFSAs (CL =
3; Table 1 and Figure 57.2). The [30;]” was absent for isomers
3 and &, likely indicating a tertiary a-carbon (as discussed in the
previous section, among all mono-CF; branched PFOS
isomers, only a-branched PPOS produced no [5O;) - Figure

$6.3).

The only previous report of monoether-PFSAs was a Cq
analyte ddeatcd in AFFF- exposgd firefighter serum, ** which
was proposed as CF,OCF SO, based on MS® spectrum.

1)

4/
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Residual Cy (26 isomers) and C, monoether-PFSAs (26
isomers) were also detected in 3M-PFOS, but none of these
matched with those in fish. Cy and €y homologues were the
dominant homologues in all Tangxun Lake fish, and bream fish
showed the highest estimated concentrations (~50 ng/g for
both; Table §3). Compared to legacy PFSAs of the same chain-
length, this class was genemﬁy present at 10-fold lower
concentrations (Figure §2); mwc‘vc‘r, some long-chain
homologues were cumpdmbk Semiquantified ¥ class 4
concentrations were at <20% of 3 legacy PFSAs in all fish.

Class 5: Diether-PFSA, [C Fo,.:50517, n = 612, Another
homologous class was discovered through in-source [C,F,0]”
in alf Tangxan Lake fish. In full scans, these flags cmresponded
to the general formula [C,F,,,,S0]” {n = 6—12; Table 1 and
Figure 58.1), similar to classic perfluoroalkyl sulfonates (e.g
PF O%) but with two additional oxygen atoms. The orﬂ}
possible way these oxygens can be incorporated to the structure
is through ether bonds. Muitiple partially resolved isomers were
observed for homologues with 28 carbons, and over 25
analytes were observed for this class.

MS? analyses were performed for all Cy isomers in the bream
fish sample (Figure 58.2). [SO,]7, [CO;F]7, and [SO;F]™ are
lrldiL&U‘vL of a sulfonate group, and the high perfluoroalkoxy
1017 and dioxy [C,F,,.;0,]” fragments provided
al evidence to support the assignment of this class as
diether-PEFASs (CL = 3; Table 1),

This class has not previously been reported, but two C,
analytes in water downstream of a fluorochemical facility were
tentatively proposed as something similar: CF,CHFOCFE,C-
(CE)OCESO, and CE==CEOCE,C(CE,)OCF,50,~ 4

Mono-, di-, and multiple-ether petﬂuomaﬁkyﬁ caiboxyhtes
(eg, C,FOC,F,OCF,CO0™) have been reported to be

. . 14,61
manufactured as alternatives to PFOA™ and were detected

in water downstream of a fluorochemical ﬁuh‘rv *ltis possible
that the mono- {class 5) and diether-PFSAs f\dass 6) detected
here were mamufactured intentionally as PFOS alternatives.
¥ Class § concentrations were estimated at <2% of 3 legacy
PPFSAs in all fish {Figure 53 and Table $3).

Class 6: Enol-Ether-, Cyclic-Ether-, or Carbonyl-PFSAs,
(CoF20-15047, 11 = 6—13. Here, a homologous class was
discovered by in-source [C,F]1™ and [C,F,]7, which coeluted
with [$0;]7 and [SO;F]” in all Tangxun Lake fish. In full
scans, these fragments corresponded to the general formula
LC},Lan___iSO[,] {n = 6~13; Table 1 and Flgkm $4.1). More
than 40 partially resolved isomers were observed among all
homoiogu(‘s

M5 was pmfm‘med for all C; isomers in the bream fish
(Figore 59.2). [50,17, [SO,F]7, and [SO,F]™ indicated an
anderlying PFSA stracture. Neutral C/F,, 0 loss (eg, the
pmdqun of C7F 13805 and CF;5057) and parﬂuum,ﬂkmﬂ

fragments were mmmonly observed. Thls, along w1th DBE = 1,
allows three feasible structures with CL = 3 (Table 1). The first
are cyclic ether-PFSAs. Neutral CH,O I,oss is characteristic of
cyclic ethers in electron ionization™ and collision-activated
dissociation™ in gas chromatography—mass spectrometry.

Second are unsaturated ether-PFSAs. Perfluoroalkosy frag-
41,58

ments are usually expected for perfluorcalkyl ethers.
However, no such fragments were observed for any Cs- isomer,
possibly indicating an enol ether structure in which the
existence of a nearby double bond may have reduced
production of the perfluoroalkoxy fragment. The third are
carbonyl-PF8As. Fragments CgF ;80,7 for isomer 7 and 9 can
be formed via cleavage of a CF;C{O)- moiety, while C,F380;”
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for isomer 2—6 and 8 may be due to a terminal carbonyl
fluoride (ie., an acid fluoride). However, we believe it unlikely
that such a compound would be hydrolytically stable under our
alkali mobile-phase condition, not to mention persistent
enough to be present in fish livers. A carbonyl fluoride
compournd may also not have adsorbed to the WAX cartridge
used for sample purification.

Residual CgF,.80," (6 isomers) and CyF 5,80, (3 isomers)
were also detected in AM-PFOS. By retention and MS§?
matches, isomers 2, 5, and 8 of the g homologue in fish
samples are likely of the same chemical identity as three C,
isomers in 3M-PFOS. This class could therefore be byproducts
in historical PFSA production or perhaps are manufactured
intentionally as alternatives to PFOS. Semi-quantified ¥ class 7
concentrations were at 1—6% of 3 legacy PFSAs in all fish
(Figare S3 and Table S3).

Cyclic ether-PFSAs have not previously been reported. A €,
analyte in water downstream of a2 fluorochemical facility was
proposed as an enol ether-perfluorcalkyl sulfonate (CF,==
CFOCF,C{CF)OC,F,50,7, as discussed in the section on
class 5) but only based on its exact mass.” Based on MS*
spectra, a homologous class of compounds (C,—Cy4) detected
in AFFF-impacted concrete” and a Cy analyte detected in
AFFF-exposed firefighter serum were proposed as ketone-
PESAs.

Class 7: Diether-Unsaturated-, Cyclic-Ether-, or Carbonyl-
Ether-PFSAs, [CF5,15007, n = 6-13. A hﬂmoiogous class of
analytes was ﬂagged by in-source [C,F,0] and [C
which cocluted with [SO;17, [SOLF], f(,zl 17, and [ C;
all Tangxun Lake fish. IhLSL ﬂavs c.mru,pondgd to molaud,ir
ions with the general formula | F,r 4SO (n = 6-13; Table
1 and Figure 510.1). This formula is similar to that of class 6
analytes but with one additional oxygen atom. More than 30
partially resolved isomers were observed among all homo-
logues.

MS* analysis was performed for all Cy, isomers in silver carp
(Figure 5100.1). The [SO,I” and [SO,F]|” detected for all
isomers are characteristic of PFSAs. Similar to class 6, the
neatral loss of [CF,, 0] and perfluorcalkenyl ions were
observed for all isomers, indicating the same three feasible
functionalities as above. The high [C,F,O]7 fragment for
isomer 1-3, as observed for dasses 4 and 5, indicates an
additional terminal ethyl ether (for example, structures for
isomer 2 in Figure 5102), while the absence of an obvious
perfluorcalkoxy fragment for isomers 4 and 5 may indicate an
internal ether structure (for example, the structures for isomer
4 in Figare $10.2). Thus, diether-unsaturated-, cyclic-ether-, or
carbonyl-ether-PFASs are all possible for this class (CL = 3;
Table 1)

This class was not detected in the historical 3M-PFOS
standard. In fish, most homologues were estimated at <1 ng/g,
except in bream fish, in which the dominant C;; homologue
was present at ~3.0 ng/g, and semiquantified Y.class 7
concentrations were at <2% of 3 legacy PFSAs (Table 53
and  Figive ‘\»2\) The only previous repﬂrt of a chemical
bdongmo to this class was by Strynar et al,™ who proposed a
. analyte detected in water as diether- umaturated PFSA based
Dniy on its exact mass (as discussed in classes 5 and 6).

Class 8: Perfluoroalkyl Amine Carboxyl Esters,
[CF o -sHONT, = 13-16. For this class of analytes,
discovery was initially for a series of small N-containing ions
that we later realized were fragments of larger precursor
molecales, which dissociated even under the soft ionization
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conditions of our full scan mode. Here, the discovery process is
described sequentially, from smallest to largest ions, as it is
instractive for characterization of the analyte structures.

A homologous series of ions, with the general formula of
C FoniaNT™ {1 = 512}, was initially discovered by in-source
{ in aH Tangxun Lake fish with many isomers observed
for each hom@]ogua (Table 1 and Figare 51L.1). Structural
characterization of the Cg and C, homologues suggested a
perfluorcalkyl amine structure for these ions (Pigare 811.2).
Although the branching of the perfluorcalkyl chain could
possibly have given rise to the high number of isomers, the
identical MS* profiles, espeula]ly for those of low-carbon-chain
homologues (eg CF N ), raised the possibility that these
analytes may actually be identical or very similar fragments
coming from larger precursor molecules,

Manual searching for higher molecular weight precursors was
performed at the same retention times, and the first das'»- of

plausible precursor ions had the formula [CF,,O,N]™ {n = 9=
16; Figure 511.3 and Table 1). Each [CF,,O,N]|~ homologue

was composed of multiple isomeric peaks, and each peak had at
least one coresponding [C,F,,.,N] ™ peak at the same retention
time {shaded peaks in Figme 511.3), consistent with these
being precursor jons. This was confirmed by MS8® fragmenta-
tion of all C;;F,,0,N" isomers (Fignre 511.4a) as well as the
major isomer of the C;3—C,; homologues {Figure 511.4b). The
neutral loss of C,F,, O, (n = 4—6) was commonly observed
for the C,,—Cyy; homologues, corresponding to either a
perfluorocarboxylate or carboxyl ester moiety {Figurv 5114

Continued manual search for even higher molecular weight
prcc.urscns revealed two more homologous dasses with Ehc
formulas [C,F,,.-H,ON|" (n = M}ml”,*, Fignre S11.3) and
[C T, cHQONTT (n 13=16, Figure Sih6). Al
[C,F,, ,H,ON]" ions had at least a corresponding
rC,,FanZN]' peak at the same retention time (shaded peaks
in Pigare 515.3), and all [C,F,,_HOMN]™ ions had at least a
corresponding [C,F ln_szosi\] peak at the same retention
time (shaded peaks in Figure 511.5), indicating these as
precursors.

Collectively, these data suggest that the analytes actually
present in fish livers are isomers and homologues of

(CFy-ok 160(N] . while [C,Fy oFLONT, [C,F,O,N]",
and [C,Fy,. NI~ are fragments formed spontaneously in the
source of EhL instrument.  Neither [CF,, H;ON]™ nor
[C,Fs, cHON]™ homologues could be saccessfully selected
in MS” analysis, making the structures uncertain {CL = 4; Table
1). Nevertheless, based on characterization of the [C F, O,N|~
fragments, a general core structure of perfluorcalkyl amine
carboxyl esters is likely for the [CF,, JHO,N]™ homologues.
The €y homologue eluting at 24.37 min was taken as an
cxampk, and its sequential fragmentation pathway to
[CF, HON, to [C,F0; NI ) and eventually to
[CoF N~ was proposed (Figare S11.7)

The number of analytes detected for this [CF,, _JON]"
class was estimated by counting the total number of different
retention times for the [C F,, ,N|™ fragments, and at least 30
[CF,,_HsOgN]™ analytes wuld be confirmed in fish livers.
Sermi-quantification for this class was performed wsing a PFOS
calibration curve, and the concentration was calculated by
MN1™ and all 3 classes of fragments.
Thus, the da.&s 8 anaiytes were present at >10 ng/g io all 4 fish
species (18—65% of Z(egacy PFSA concentrations) and
reached ~630 ng/g in bream fish, comparable to the PFOS
concentration {Table 53 and Figure 83).
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Simple perfluoroalkyl amines are marketed for use in
electronics testing and heat tr.m\ er™ and as artificial OXygen
carriers for mcdxca] purposes, e Puﬂumoaﬂ(‘yl amines are
also among the starting materials for mmufmtuﬂng fluoropol-
ymers (e.g, polyarethanes and polyamides” %Y. The only
previous report of a perfluoroamine was perﬂumotﬂbutwlamme,
which is among the 3M Fluorinert pr coducts™ ™™ and was
detected in wurban air in Toronto.” It notable that
perfluorotributylamine has an atmospheric lifetime of 500
years and has “the highest radiative efficiency of any compound
detected”.””

Class 9: Unsaturated Perfluoroalkyl Amine Carboxylates
or Carboxyl Esters, [C.F,, NG, ?045 Anotber
homologous class with the general formula [C
15) was discovered through in-sowrce [C;F )7 in all Ian‘mun
Lake fish (Figure 512.1). This formula is “simnilar to dass 8
L(.Jnimﬁi\] ions but with two fewer ¥ atoms in the
perfluoroalkylamine structure, owing to a double bond or
ving. The unsaturated perfluorcalkyl amine structure was
confirmed by MS® experiments with all Cy isomers {CL = 3;
Fignre 512.2). Maoual searching for possible precursors
revealed one homwiogwus class of ions having the general
formula [C,F,,_,NO,1™ \n = 10-15, class 9; lmme 512.3),
similar to the class 8 [} NO ~ fragments. Ms* analyses
confirmed the general atumture for this class as unsaturated
perfluoroatkyl amine carboxylates or carboxyl esters (CL = 3;

is

Figure $12.4).
The total number of analytes detected for class 9
[CF,, o NO,]” was estimated by first counting the total

number of different retention times of the [C,F, N~ fragments
(Figure 512.1) and then subtracting those in which class 8
iLanﬁ oM™ fragments were also coeluting (Figre S11.1) due
to the possibility that an unsaturated [CJF,, ,NO,|~
frr agment to both saturated [C.F,,sN]~ and unsaturated
[C,F, NI 212 FaaNO, |7 eluting at 22.80 min
pmduued C ~E7HN7- in M§® (Figure 812.4),
and [ CF ] T were also detected in full
scans at the same retention time (Figures 5111 and 512.1).
The semiquantified concentration for class 9 "mﬂyte was ~ 10X
lower than for class 8 (Table 53 and Figure
Class 10 Perfluorinated N- Heterocy(!es [C,,FM_ NI, n
9—18. Finally, a homologous series of analytes
discovered by in-source [C,F ;() and [C;F,17 in all Tangrun
Lake fish, and these ﬂags corresponded to compounds wr.tb the
general formula [C,F,, ;N,O]™ (n = 9~17; Table I and Figure
S13.1). Multiple isomers were observed for most homologues,
and more than 40 analytes were detected in this class.
Steuctaral elucidation was performed by MS?, MS®, and MS*
fragmentation of the Ty homologue (Figore 513.2a). Unlike
any of other classes characterized above, here, rvadical loss and
formation was commounly observed, indicating an aromatic
moiety.’n“ﬂ’_%j The DBE = 3 indicates a 5-member hetero-
aromatic moiety: furan, pyrrole, pyrazole, imidazole, oxazole,
and isoxazole. The loss of @ OCF; confirmed that oxygen was
not in the ring, therefore excluding furans, oxazoles, and
isoxazoles. Azo-compounds {~N==N—) lose N, in negative
mode,”” and the absence of such fragmentation narrowed down
the possible core structures to either pyrroles or imidazoles.

can

was

The loss of #C,Fy (Le, m/z = 43698 — 217.99) and of

CyFip (m/z = 436.98 — 198.99) suggested a C,Fy substituent,
based on the analogy that #CH, and CH, losses are observed
for isopropyl-substituted phgny]s Losses of #CF, (m/z =
43698 — 367.97 and 21799 —149.00), of eOCF; (m/z =
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217.99 - 133.00) and of (#CF+COY (m/z = 217.99 —
120.00) indicate a CF,0 substituent based on analogy that
CH;0O substituted aromatic compounds lose eCH;,
@O(,H;, " oand {(sCHL+COL SR Given these two
likely substituents, the most likely cove structure is a substituted
perfluorinated imidazole-{CF,O{CF)(CF;), which is sup-
ported by MS/MS experiments (Figure 513.2). Given
uncertainties and the number of isomers, the structure for
this class of substances is generally proposed as perfluorinated
N-heterocycles (CL = 3; Table 1).

It is noticeable that isomers for each homologue eluted as
two clusters, with one cluster eluting much later (Figore §13.1).

To examine the structural differences between the two ¢ Eu‘«ters,

I's

MS*~M5® were performed for all C;, isomers, and similar
fragrentation patterns were observed {Figire 513.3). The very
different retention times for the two clusters may be due to
different core structures {e.g., pyrrole versus imidazole) or that
at least one cluster was in-source fragments from larger
precarsors. However, no precursor fons were discovered.

We are not aware of any previous reports of perfluorinated
pyrroles/imidazoles. Fluoropyrrole derivatives have been used
in pharmaceutical appli;:atrl@nsgE_S3 and as insecticides (e.g,
cblorofenapyr?’d'), and fluorinated imidazoles are useful reagents
in organic chemistry,” but all of these examples are not highly
fluorinated. Perﬂuoro alkyl imidazoles are potent angiotensin II
antagomsts, “ but no such commercialized drug is known. The
estimated concentrations of each homologue was usually <1
ng/g in most fish {Table $3). However, the dominant Cy,
homologue was estimated at 3.8—210 ng/g, 8-28% of PFOS
concentrations in the same sample.

B SIGNMIFICANCE

The in-source fragmentation flagging Nt-HRMS method,™ first
developed for water analysis, was shown here to be a powerful
tool for unknown PFAS discovery in a complex biological
matrix. The method has the potential for discovering any class
of compound that fragments to produce characteristic ions in
the source., Here, in addition to perﬂuomaﬂ(}l (e.g, [CF:]7)
and perfluorcalkene fragment ions (eg, [CiF]7), pc‘rﬂuor-
oether (c‘g, [C,F:0]7), perfluoroamine (e.g, [CF,N]7),
chioride {(e.g, [C ]'), and S-containing fragment ions (e.g,
[SO,F]7) were used to flag unknown PFASs. As shown for
most discovered PFAS classes, the method benefits tremen-
dously from liquid chromatography to separate any isomers
prior to structural elucidation. In this way, a much-greater
number of compounds were discovered relative to what would
have been observed by direct infusion. Moreover, structural
elucidation would have led to inaccuracies without chromato-
graphic separation.

In total, over 330 nontarget PFAS analytes were detected in
pooled fish liver. Except for 6:2 Cl- PFASE™ (class 2) and 4-
PFECHS™™ ( {class 3), all nontarget analytes are reported in
fish for the first time. Considering all previous PFAS studies in
human, environmental or industrial, and commercial standards,
more than 165 analytes belonging to 4 PFAS dlasses {classes 5,
8, 9, and 10) are reported for the first time. For the 6 PFAS
classes that were previously reported in other samples, new
homo]ogues and isomers were detected here in fish, including
Cys~Cys class 1 (3 analytes); Coy Cq and Gy, dass 2 (3
,m,ﬂytes Cyy class 3 (32 analytes); C, and C; and Cy—Cpy
class 4 (>lb analytes); L;o‘cw class 6 {~30 analytes); and Cq4
and Cg—C; class 7 {~30 analytes).
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The chain lengths of PFASs detected ranged from Cy o Cyg.
Among the 73 total homologues, 61 homologues had at least 8
carbons, showing the dominance of long- chaun PFASs in these
fish. This is not likely biased by the analytical method because
the extraction showed higher absolute recoveries for mass-
labeled shorter-chain legacy PFCAs and PFSAs than for longer-
chain homologues {Figare 52), and the HPLC method was

capable of retaining PFASs as short as C,. The small number of

shorter-chain PFAS detected is most likely attributable to their
fower bicaccumulation potentials or lower emission in these
two regions.

The semi-quantified total concentration for each PEAS class
was calculated to aid futare research prioritization (Figure 53).
In the Yangtze River fish, classes 1 and 2 were present at similar
fevels in each species. In fish from Tangsun Lake, classes 4, §,
and 10 were the three dominant PFAS dasses. Among the four
fish species in Tangxun Lake, bream fish showed much higher
concentrations for all detected PFASs than those in other
species. This may be attributable to different feeding habits
because bream are omnivorous whereas carp are filter-feeders.

Compared with legacy PFASs, the newly identified PFASs
have monochlorine substitution, double bonds or rings, ether
bonds, and carbonyl or amine functional groups. Only ketone-
(i.e, carbonyl) and ether-PFASs are known to have been
produced intentionally as alternative PFASs. ™ However, ether-
PFSAs (and maybe carbonyl-PFSAs) were also detected as
byproducts in historical 3M-PFOS. It is therefore difficult to
know if any of the nontarget PEASs detected here are from
historical or contemporary production. Particularly for Tangxun
Lake, it would seem prudent to examine current wastewater
releases for evidence of the many PFASs identified here. This
may help to minimize future exposure arcund this contami-
nated water body.

Between the two sites examined, there was a dear difference
in the types of PFASs detected. With the exception of dass 2,
detected in both locations, 8 classes were exclusively discovered
at Tangmm Lake, and 1 class was only detected in the Yangtze
River {Figure 53). This most likely indicates that the sources of
contamination were from unigue point sources (e.g., industrial
wastewater), but it should also be kept in mind that we are
comparing fish from a lake to fish from a river, in which
residence times, dilution, and primary productivity are different.
Future monitoring of water from more regions of China are
warranted to understand the trae spatial distribution and
sources of all chemicals identified here.

The discovery of over 330 nontarget PFASs and predom-
inantly long-chain PFASs in fish demonstrates bioavailability
and is suggestive of a measurable bicaccumulation potential for
these compounds or their precursors, whose environmental fate
has otherwise not been studied. Given that all samples were
from fish destined for fish markets and human consumption,
the current findings in fish livers raise immediate questions
about exposure and health risks to exposed people. Fish muscle
was not analyzed in the cmrent study, and the extent of human
exposure related to it remains unknown.

B ASSOCIATED CONTENT

£ Supporting Information

The Supporting Information is available free of charge on the

ACSH Publications website at DO 10,1021 /acs.est 8b{W7 74,
Additional details on chemicals and reagents, sample

preparation, instrumental analysis, and data presentation.
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Tables showing sample-weight data and PFAS concen-
tration. Figures showing fish-collection sites, extraction
recoveries, PFAS concentrations, class 1-10 PFAS
chromatograms, and MS” spectra. (PIIF)
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